Background
Photonuclear reactions become important in the X-Ray radiation therapies with energies higher than 8-10 MV 1 . When a photon has energy higher than the threshold energy of reaction (7) (8) (9) (10) , secondary particles emission can occur 2 . Giant dipole resonance (GDR) in which the target material nucleus undergoes instability in the nucleus energy levels is the cause for the secondary particles emission by the nucleus to achieve a stable energy state. The emitted particle may be a neutron, proton, alpha particle and heavy ions [3] [4] [5] . However, the neutrons are uncharged and are not absorbed with the LINAC head materials 6 . And this is the key why we study only photoneutrons? For this substantial matter, photoneutron production is a concern and a problem in terms of radiation protection. For example, a proton is absorbed at several millimeters away from the produced origin because of its electrical charge and the Columbus reaction 7 . However, a produced photoneutron is able to go to the maze and outside of the treatment room. The propagation of photoneutrons in the treatment room can lead to an increase in the patients' and staff's exposure to dose equivalent [8] [9] [10] [11] . Useful beams and the entire room and maze are contaminated with photoneutron production. Patient body and organs may be a source of photoneutron production and the produced neutrons may be absorbed in or outside of the patient's body. On the other hand, the photoneutrons are produced in a range of energy associated with higher radiobiological damages 3 . The radiobiological effects were reported to be up to 20 times higher those of a photon with any energy 3 . Secondary malignancies reported as the late effects of the produced photoneutrons and capture gamma.
Aim
These hazardous effects of neutrons in a high energy radiation therapy were the reason to perform this study and mapping the characteristics of the secondary photoneutrons produced and gamma rays. In this study, we tried to characterize the secondary photoneutrons produced and consequent capture gamma rays.
Materials and methods
MCNPX code of the Monte Carlo (MC) 12 method was used in the entire the study. The code has capabilities such as to simulate very complex and rolled geometries. Additionally, physical phenomena such as photon-neutron-electron and coupled particles transport can be achieved using the code and its data libraries. With the usage of the code, Varian 2100 Clinac geometry and physical aspects of the LINAC were simulated according to the manufacturer provided data. [13] [14] [15] [16] [17] . The shielding performance and the results were evaluated and the results discussed. In the previous work 18 we proposed an analytical method and sensitized the analytical methods to walls and room material compositions. In this work, we tried to evaluate the proposed methods. Additionally, full mapping of the photoneutron and capture gamma ray characteristics was done in the context of the radiological protection issues.
Results and discussion
The results of this work were presented in several sections. The first section presents our results and some discussions on the photoneutron, photon and neutron capture gamma ray spectra. The trend of the spectra with differing distance is discussed. Published data on the neutron, gamma and LINACs photon spectra were considered and discussed. A good agreement was found between the published data and our results in dosed, fluence and spectra in this section. Obtained data is close to the results in the literature. The results and comparisons are presented in the tables.
Spectra (photon, neutron, gamma)
Figs. 2-4 show photoneutron spectra at the isocentre, point A and maze door position. Fig. 5 also shows the neutron spectra outside the door. The two Figs. 6 and 7 show the spectra of neutron at the primary and secondary barrier positions. Door modification is obviously seen from the spectra at the outside of the door. It is shown in Fig. 2 that the fast portion of the photoneutrons is dominant at the isocentre. From an analytical characterization of the photoneutrons at the point it can be deduced that about 89% of the produced neutrons are thermal neutrons with lower energy and unfortunately highest biological effect among the other energies of neutrons. Eq. (1) defines photoneutrons distribution and its thermal and fast components. First term is thermal portion and the second term shows the fast neutrons reported by Tossi et al 19 .
Only 11% of the neutrons are epithermal and fast. On the other hand, the spectrum shows that more than 2 MeV neutrons are negligible and have any portion at the spectrum. There are two main peaks, around 600-700 KeV, and the other at the 1.2 MeV energy. Lower the energy, higher the radiobiological effects but not all. At the point A (the point of inner entrance of treatment room which is at the distance of 120 cm from the wall) in Fig. 1 , the thermal portion of the photoneutron increases and epithermal and fast neutrons decrease. But at the maze door, a dominant portion of the spectrum is taken by thermal neutrons and for this reason detection of the neutron is hard. Energy associated with the neutron is around 10 −08 MeV. The peak lies out in the thermal region of the neutron energy. Tremendous hazards would potentially exist if the maze door was not designed in the radiation treatment rooms. Isotropic emission of the photoneutrons leads to a whole buy radiation received by the staff and patient from the photoneutrons. Published data support our results and our modeling. Capture gamma ray spectrum at the maze entrance and linac photon spectrum were mapped in Figs. 5 and 6, respectively. It is seen that capture gamma ray is higher than linac photons at the maze entrance. Linac produced photoneutron spectra shape for all energies are the same despite energy difference of linacs. Although the altitude is different, the shape of the spectra is constant. Capture gamma ray spectrum and linac photon spectrum also were mapped in Fig. 8 .
Neutron source strength
In the photoneutron and capture gamma ray calculations a parameter called linac neutron source strength plays an important role. It was defined as "the number of neutrons produced by LINAC while delivering 100 cGy dose from photon to the isocentre in water phantom". The LINAC source strength number is based on dose per initial particle calculations in case of the neutron and gamma ray. Different numbers were reported for different machines and energies. For our simulated machine, Varian 2100 Clinac operating in 18 MV, 1.2 × 10 12 neutron per photon Gy at the isocentre was reported in different reports 1 . But, in our previous work, we obtained the value as 1.3 × 10 12 . The difference with our report Fig. 7 -photoneutron spectra derived at the secondary barrier. and other calculations can be attributed to the fact that we calculated it in the room, while others, such as the manufacturers, calculated it in open air. Its definition also does not consider room. We stated that the value is for room + LINAC. Then, we considered room produced neutrons, too, in our calculations. It can be deduced from this difference that around 1 × 10 11 neutrons per Gy at the isocentre is due to room production of photoneutron 20 . Other values for the neutron source strength were reported. The reported values are 0.9-1.2 × 10 12 . Our calculated value in this work is in good agreement with the values reported for the Varian Clinac operating at 18 MV. We calculated the crossing neutrons per initial electron in program running. Then, we calculated the number of electrons with the strongest impact on the target for delivering 100 cGy to the isocentre. Using this data, Qn or neutron source strength was calculated as 1.3 × 10 12 . Our calculations were inside the concrete room and walls produced neutrons also considered in Q N . Analytical method describing the Q N is as below 19 :
From Eq. (2), it can be seen that both fast and thermal neutrons contribute to the Q N calculation. Q w is the room produced neutron source strength. This value must be calculated at 100 cm from target. On the other hand, it can be found out from the equation that the fast neutrons decline with r −2 . However, thermal neutrons related to the room surface not distance from the target. We used a full simulated linac model for deriving the data instead of a simplified model. Because in the simulated model many physical phenomena are omitted, such as the relation between field size and output fluence. 
Fluence and flux
IAEA safety report number 47 stated that for units operating above 10 MV the neutron fluence must be considered. F4 tally positioned in a spherical cell whose location is in the isocentre and maze entrance, primary and secondary barrier positions, and point A. With very small beams of energy an accurate spectra was obtained. Neutron and gamma ray fluence was simulated and calculated at the isocentre. Table 2 shows the results and comparison between the literature and our results in terms of the neutron source strength calculation. The result is a validation of our simulation of the linac. We found the fluence of neutrons at the isocentre as 1.09 × 10 7 neutrons per ray of isocentre dose. Kase et al. 20 also found same value with simulation of the same machine. Other literature sources also reported the values close to our result. At the maze entrance, our result was 3 × 10 −8 neutrons per Gy. Analytical methods reported for calculating the neutron fluence at the point of interest (d):
Eq. (3) shows fast neutrons following from the inverse square law. Increasing the distance from the target (d), decreases the fast neutrons fluence. Thermal fluence obeys Eq. (4):
These equations only calculate the linac produced neutron fluence, but room produced neutrons can be calculated from Eq. (2).
Our MC results were in good agreement with the analytical calculation formulas. Difference was around 8% and it is good agreement. From the equations, it can be found out that the neutron fluence depends on energy, linac model, room design and total room surface. Additionally, it is independent from workload of the linac. Naseri and Mesbahi 20 made a review of photoneutron production in high energy radiation therapy.
Dose equivalent
Photoneutron and capture gamma ray dose equivalent was tallied using F6 tally of MCNPX code of MC. Neutron dose was tallied at 100 cm from the target and was compared with the literature results. Capture gamma ray dose equivalent was calculated at the maze entrance as well as neutron dose equivalent. A water filled spherical cell 0.5 cm in diameter was positioned at the isocentre compromising the statistical error and dose resolution, in the maze entrance the cell diameter increased to 1 cm. All of the calculations concerning neutrons were with 2% statistical error, but in the case of photon or gamma the error was less than 0.8%. The results we found in points 1-6 are shown in Fig. 9 shows dose equivalent in each 20 cm at the maze calculated with all of the methods. From the figure, Wu-McGinley shows good agreement with MC method. The other methods often overestimate the dose according to Fig. 10 . Fig. 9 shows a comparison between the analytical methods and MC simulation. [22] [23] [24] [25] [26] [27] 4.5.
Door performance
Maze door causes moderation of the photoneutron characteristics. Value of dose and spectrum was moderated with the maze lead and paraffin door. Inside and outside of the door, neutron spectrum was mapped and compared. The door reduces the neutrons highly and sufficiently. Fig. 7 shows a comparison between inside and outside of locked door. Additionally, IAEA recommended maximum acceptable weakly dose was met using the program and physical aspects of the simulations.
Conclusions
Our conclusion from the work was that the photoneutron calculation and simulation results are close to each other. If the time consuming feature of MC method could be solved it would be predominant of other methods. In conclusion, we summarized features and superiority over the other methods:
• Although it is time consuming, the results of it is accurate in macro and nano scales.
• When solving a radiation problem, the operator does not receive any radiation dose while the results are accurate.
• It is easy to design a favorite room without any workers and architecture and without any radiation. In designing a room trial and error cannot occur, but in the MC method it is feasible.
• Data in the package of MC are obtained in a reliable method and organization in Los Alamos. Then in cases when experimental work is not possible, the MC method can offer us reliable data.
